The left atrial appendage (LAA) is the classical origin of atrial thrombi. The LAA is approximately 1.2-4.5 cm in length; however, there is a huge variability in length and shape. During atrial fibrillation (AF), in addition to the occurrence of hypercoagulability and stasis of blood, the occurrence of prothrombotic endothelial changes are of central significance in the development of atrial thrombi within the LAA [12, 17] . AF induces stasis of the blood, hypercoagulability state, and activation of platelets [27] . At the level of atrial tissue, increased cytosolic calcium via activation of calcium-dependent proteases and phosphatases leads to the destruction of contractile filaments, to an impaired function of mitochondria, and to hypertrophy of atrial myocytes ( [15] ; . Fig. 1) . Besides calcium overload, AF causes increased generation of reactive oxygen species (ROS). Effects of oxidative stress on atrial myocardium have been shown in vitro and in vivo [4, 8, 13, 26, 29] . In sum, these processes cause increased synthesis of prothrombotic tissue factors at the endocardium of the left atrium (endothelial alteration) such as plasminogen activator inhibitor
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The title was incomplete. (PAI) 1, von Willebrand factor (vWF), and adhesion molecules (ICAM, VCAM, selectins) [5, 16, 20] . There is clinical evidence that AF-induced thrombogenicity of the left atrium is much greater compared with the right atrium [9] . This helps to explain why AF induces predominantly systemic emboli and stroke rather than pulmonary emboli. Of note, studies revealed the impact of angiotensin II on the adhesiveness of the left atrial endothelium, characterized by increased expression of adhesion molecules (VCAM, ICAM). Besides AF, concomitant cardiovascular diseases like hypertension, heart failure, diabetes mellitus, etc. (parameters of the CHA2DS2-VASc score) have the potential to activate molecular pathways such as angiotensin-II-dependent signaling pathway to contribute to an increased incidence of atrial thrombi. Thus, to some extent the process of endocardial remodeling is independent of the atrial rhythm.
Increasing evidence points to a link between elevated angiotensin II levels, systemic inflammation, and prothrombotic state in AF. In this way elevated concentrations of inflammatory markers (e. g., C-reactive protein [CRP], interleukin [IL]-6; [11, 19] ) might mediate an outside-in inflammatory signaling. Interesting, the circulating IL-6 level was associated with increased left atrial size, supporting a link between the cytokine and atrial remodeling [18, 24] . However, the precise mechanism by which IL-6 and CRP induces AF remodeling is uncertain. In addition, in the last few years it has been shown that coagulation factors such as thrombin, factor X or factor VII exert important cellular effects that are induced by binding of the clotting factors to proteinase-activated receptors (PAR; [3] ). Four receptors (PAR1 to PAR4) are currently known and belong to the subfamily of G protein-coupled receptors with seven transmembrane domains. Activated coagulation factor X (FXa) occupies a central position in the coagulation system. Together with activated factor V (FVa), phospholipids, and calcium ions, it forms the prothrombinase complex at which activation of prothrombin (FII) to thrombin (FIIa) occurs. Thus, FXa might act as a mediator of inflammatory signaling in human atrial tissue slices via activation of PAR1 and PAR2. Most importantly, the synergistic action of FXa and atrial tachyarrhythmia resulted in a potentiated response involving the increase of inflammatory and oxidative stress molecules, which create an inflammatory, prothrombotic status in atrial endocardium [5] .
Very recently, Spronk et al. [28] showed that thrombin via PAR1-receptor-dependent signaling induces inflam-matory and fibrotic effects in atrial tissue from adult rats. Moreover, the authors suggest that hypercoagulability might promote the development of an AF substrate. The hypothesis was verified in goats with persistent AF and a hypercoagulable state resulting from AF, in which an inhibition of FXa attenuated atrial fibrosis and the complexity of AF substrate compared to control animals [23] .
Thus, a highly complex interaction emerges between concomitant diseases, clotting factors, and AF at the endothelium. Since human in vivo biopsies are prohibitory for ethical reasons, there is a need for in vitro or in vivo animal models to define the exact pathophysiology of atrial thrombogenesis.
In vitro model of endocardial remodeling
From human atrial appendages obtained during open heart surgery, 350 μm thin tissue slices can be kept in culture in a petri dish for up to 24 h when placed on top of the membrane of tissue culture inserts. To simulate AF, a pair of custombuilt carbon electrodes are submersed at the opposite ends of a petri dish and connected to a stimulation unit. Pacing of the tissue slices can be performed within serum-free Dulbecco's Modified Eagle's Medium (DMEM) up to 24 h at 37°C at rates of 0.6 and 4.0 Hz (10 V/cm, 5 ms bipolar pulse). Furthermore, several humoral factors can be applied to the culture during the pacing period to determine signal transduction and molecular biology. Using this in vitro model, it was shown that a few hours of rapid atrial pacing are sufficient to elevate expression of angiotensin-converting enzyme (ACE; [6, 16] ), induce oxidative stress [4] , diminish nitric oxide, and increase adhesion molecule expression [5, 16] . All these factor mediate tissue remodeling and exert direct arrhythmogenic effects. Interestingly, recent experiments also revealed gender-dependent differences in tissue remodeling, which appear to be related to the amount of 17β-estradiol [7] .
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In vivo models of atrial thrombogenesis
Transgenic mice with cardiomyocytesdirected overexpression of the transcriptional repressor CREM-IbΔC-X (CREM-TG) have recently been shown to constitute a useful experimental model of AF and atrial thrombogenesis [7] . Interestingly, mice develop thrombi in both atria. In a recent study, inflammatory and prothrombotic alterations were evaluated in the left (LA) and right atria (RA) from CREM-TG mice at the age of 20 weeks and compared to wild-type controls. Analogous to the observations in AF patients with distinct endocardial dysfunction, this model also exhibited diminished amounts of eNOS-mRNA in both atria. The prothrombotic state was characterized by the increased PAI-1/tPA ratio (pro-and anticoagulatory molecules) as well as by the downregulation of TFPI (tissue factor pathway inhibitor). Importantly, CREM-TG mice developed progressive atrial dilatation detectable at a very early age [21] [22] [23] which may be responsible for blood stasis in atria. Moreover, the inflammatory phenotype with a preserved antithrombotic capacity was present in atria of CREM-TG mice before onset of arrhythmia and thrombi generation. Interestingly, the inflammatory pheno- Fig. 3 8 Recording of strain rate at the lateral left atrial wall in patients with paroxysmal atrial fibrillation (PAF) and in a control patient with sinus rhythm. Differences in strain rates are clearly visible (marked with an arrow; a').The surface P-wave is also marked (arrow, P). Time between P-wave onset and a' was used to calculate the electromechanical time index in each patient type was much more pronounced in the RA and is reflected by a significant increase in the expression level of adhesion molecules ICAM-1 and selectin P. In conclusion, CREM-TG mice represent a valuable model for studying atrial thrombogenesis and assessing therapeutic approaches preventing embolic episodes through systemic and pulmonary circulation.
Appearance of atrial thrombi in AF patients
From a histopathological point of view, atrial thrombi (whether left or right) are basically nonspecific. Their structure largely depends on how old the thrombotic event is. In fact, recent atrial mural clots consist of a complex network of fibrin where platelets and blood cells are entrapped (. Fig. 2a) . Very often, especially if the thrombosis is recurrent, distinct layering of fibrin, blood cells, and platelets may become detectable (socalled "lines of Zahn", . Fig. 2b ). With passage of time, the thrombus body may undergo organization, usually starting from its base. Thrombus organization implies a progressive replacement of the above-mentioned fibrin network by myofibroblasts (. Fig. 2c ), which subsequently start synthesizing procollagen fibers that in the extracellular spaces, organize into collagen type I fibers in order to create a firm background (interstitium). As this organization proceeds, the thrombus surface may undergo endothelization. In late stages, the mural thrombus usually turns into a hyaline fibrous structure that is tightly adherent to the atrial wall (. Fig. 2d ) and difficult to remove from its recesses. Structurally, recent atrial thrombi may be broadbased ("membranous") with negligible risk of emboli detachment, or at the opposite end of the spectrum, polypoid and friable with a higher tendency to embolize. Occasionally, polypoid thrombi may be superimposed on membranous atrial mural clots [25] . Abe et al. [1] provided a classification of LA thrombus morphology based on transesophageal findings: (1) "movable ball" type, i. e., the thrombus is ball-shaped and moves with the heartbeat; (2) "fixed ball" type, i. e., the thrombus is ball-shaped but does not move with the heartbeat; and (3) "mountain" type, i. e., the thrombus is mountain-shaped with a broad base and does not move with the heartbeat. They found that "movable ball" type thrombi showed a significantly higher embolism than the other two kinds of clot. It is easy to deduce that fully organized thrombi are much less prone to embolization.
Effect of ACE inhibitors/ARBs on atrial contractility and thrombus formation
There are some indirect hints in the literature showing that ACE inhibitor therapy or angiotensin-receptor blockers (ARBs) might reduce occurrence of stroke in AF patients. Several studies have shown that upstream therapy using statins, mineralocorticoid receptor blockers, ARBs, and ACE inhibitors might be useful at least in primary prevention of AF and its sequelae [10, 14] . In particular, patients with arterial hypertension and congestive heart failure appear to benefit. The RACE-3 trial for secondary prevention Additional information is included in . Table 2 . PAF paroxysmal atrial fibrillation could show that the combination of all substances mentioned above can reduce the recurrence rate of AF [2] . Inhibition of angiotensin II and oxidative stress mightdirectlyprotectatrial myocytes and their contractile performance. The purpose of our prospective trial was to evaluate atrial mechanical function in patients with paroxysmal AF using tissue Doppler analysis (TDA) and to examine the relationship between electrical impulse propagation and mechanical function. In our study, 84 patients (56 ± 14 years; 59 men; 25 women) were examined with TDA, 46 patients had paroxysmal AF and 38 patients were in normal sinus rhythm without any history of AF, and therefore, served as controls. At the time of TDA all patients were in sinus rhythm (. Table 1 ). With TDA the velocity (V), strain (S), and strain rate were measured in the medial segment of each wall of the left atrium (anterior, posterior, inferior, and lateral wall) and in the mitral valve annulus. Thereafter, an electromechanical time index was defined as the period from the onset of the P-wave in the surface ECG to the peak of the late diastolic velocities of the left atrial wall segments (a'). Tissue Doppler imaging results suggest that ACE inhibitor and angiotensin II inhibitor therapy (AT2-Anta) increase contractile performance of the atria in patients with paroxysmal AF. Mitral annulus late diastolic velocity (lateral, septal, anterior, and inferior) was significantly reduced in patients with paroxysmal AF, and velocity, strain and strain rate were significantly decreased in all analyzed left atrial segments of these patients (. Fig. 3) . In addition to the prolonged PR interval on the surface ECG, there was a significant prolongation of the averaged electromechanical time index in patients with paroxysmal AF (AF: 138 ± 27 ms vs. 119 ± 17 ms; p < 0.0001). In summary, paroxysmal AF was associated with reduced mitral annulus velocity and reduced atrial strain and strain rate (. Table 2 ). Paroxysmal AF was alsoassociated with a prolonged electromechanical time index (P wave-a'; . Fig. 4) . Therapy with calcium channel blockers impaired atrial mechanical tissue Doppler parameters (. Fig. 5 ). In contrast, therapy with angiotensin II antagonists was associated with an increased velocity of the left inferior wall and the systolic strain rate of the left lateral wall. Thus, a hint for the presence of substantial structural remodeling of atrial tissue might be diagnosed using the surface P-wave duration since the P wave is prolonged in patients prone to AF. Furthermore, the developed electromechanical index using the P wave-a' may serve as an easy ac- 
Conclusion
Activation of the clotting system, low blood flow, and endothelial damage cause atrial thrombogenesis in AF. The molecular pathway responsible for induction of adhesion molecules at the endocardial surface depends primarily on oxidative stress and inflammation. Imaging technologies like Doppler modalities appear helpful to determine the contractile performance of the atrial tissue, which remains impaired even in phases of sinus rhythm between AF episodes. Thus, these modalities and biomarkers should be further assessed and validated in larger clinical trials.
